vasive techniques continue to mature, part of this maturation process will entail further addressing the issue of exposure to ionizing radiation.
It is this increased awareness of radiation exposure and concern for the lifelong implications of total radiation dose that was the impetus behind our reevaluation of their fluoroscopic technique for minimally invasive lumbar fusions. We sought to modify the technique to minimize the radiation dose and fluoroscopy times without compromising the accuracy of pedicle screw and interbody placement or the efficiency of the operation. In this report, we describe a low-dose fluoroscopy protocol that was developed and used in 50 patients undergoing a single-level MIS TLIF. Throughout these 50 cases, we abandoned conventional (continuous interlaced) fluoroscopy and explored the use of digital spot imaging and low-dose pulsed fluoroscopy to refine a low-dose protocol for the MIS TLIF. The fluoroscopy times and radiation dose were prospectively collected and then retrospectively reviewed once the protocol was refined. The times and exposures from the low-dose protocol were then compared with the experience in the recent literature.
We surmise that modification of the fluoroscopic technique may dramatically decrease the amount of fluoroscopy needed for MIS TLIFs, and over time will significantly impact the surgeon's lifetime dose of radiation exposure.
Methods
A low-dose protocol was developed modifying the standard settings of the fluoroscopy unit to a lower dose of radiation and shorter acquisition time per image obtained. A combination of 2 settings was used: digital spot or pulsed low-dose fluoroscopy. The authors used either a General Electric OEC 9900 C-arm system or General Electric OEC 9900 Super C series systems for all cases. The settings on the fluoroscopic unit were changed from the standard settings to the following: "orthopedic exam profile" and "digital spot" or "low dose" and "pulse." For the digital spot protocol, a manual technique was implemented adjusting the kVp and the mA. Each of these settings was adjusted to optimize image quality and minimize radiation dose. Modification of the kVp and mA was based on the BMI of the patient, with greater values for larger patients to achieve adequate penetration and thereby an acceptable image. (Both kVp and mA will be discussed in greater detail in the Discussion section.) For the low-dose pulsed fluoroscopy protocol, no modification of the kVp and mA was needed because the ABC and AEC adjusts the kVp and the mA.
Once an image is acquired for either pulsed fluoroscopy or digital spot, manual adjustment of the contrast and brightness by the fluoroscopic technician allows for clear visualization of the bony anatomy. All subsequent images obtained are digital spot images or pulsed lowdose fluoroscopy. Each of these techniques has an acquisition time of approximately 0.15 seconds, compared with conventional fluoroscopy, which has a minimal acquisition time of 1 second. Throughout development of this low-dose protocol, all MIS TLIFs performed by the senior author (L.M.T.) between July 2010 and March 2013 were recorded in a prospective database approved by the institutional review board of the Scottsdale Healthcare System. Patient demographic data, indications for surgery, level, operating time, blood loss, fluoroscopy time, and total radiation dose were prospectively collected.
Patients with the diagnosis of spondylolisthesis, degenerative disc disease, and recurrent disc herniation who had failed 3-6 months of nonoperative measures and who had been selected as candidates for MIS TLIFs were included in this study. Preoperative and postoperative ODI, SF-36, and VAS back and leg scores were collected. After patients were positioned for surgery, the fluoroscope was brought into the field and localization images with a spinal needle on the appropriate level were obtained implementing the digital spot. Because these are the first images obtained, the fluoroscopic technician manually adjusts the kVp and mA as well as the contrast and brightness setting to optimize subsequent images while minimizing the radiation dose. Two 28-mm incisions were planned 3-3.5 cm off of midline, and additional fluoroscopic images (either digital spot or pulsed low dose) were obtained for docking the retractors onto the facets to be operated on.
After bilateral exposure of the pars interarticularis, transverse process, and facet joints, lateral fluoroscopic digital spot images were obtained to confirm pedicle screw entry points, trajectories, and to establish screw length. On average, 4 to 7 digital spot images would be obtained per pedicle, and all 4 pedicles screws would be placed with a range of 16-28 fluoroscopic digital spot images. As the pedicles were accessed, the Lenke pedicle probe, pedicle taps, and pedicle screws were each stimulated to 20 mA to ensure that a compound motor action potential was not activated at the relevant nerve root on free-running electromyography. Any stimulation of a nerve root prompted an AP image and reevaluation of the pedicle screw entry point. In the absence of stimulation, the integrity of the pedicle was further ensured with a ball-tipped probe. Once all 4 pedicle screws were placed, a provisional rod was secured on the side contralateral to the transforaminal approach, the fluoroscope was transitioned to the head of the bed, and the operating microscope brought into the field.
A laminectomy and complete facetectomy were then performed on the symptomatic side, the thecal sac and the exiting and traversing nerve roots were decompressed, and the disc space accessed and prepared. Restoration of the disc height was achieved using paddle distractors with the contralateral rod capturing the height. On completion of the discectomy, the operating microscope was removed and the fluoroscope repositioned for placement of the interbody spacer.
The appropriate interbody trial spacer was then secured into the interbody space. Additional digital spot or pulsed low-dose fluoroscopic images were obtained to determine the ideal size of the interbody spacer (3-5 images). Once the appropriate size was selected, 1 or 2 interbody spacers (Crescent; Medtronic Sofamor-Danek) were rotated into position within the disc space with digital spot or pulsed low-dose fluoroscopic images. An additional 5-7 images were obtained for interbody placement.
After satisfactory placement of the interbody, 1 final AP digital spot image was obtained to confirm midline position of the spacer(s) and convergence of the pedicle screws.
At the end of the procedure, total fluoroscopy time, radiation dose, blood loss, and operating time were collected and recorded in the database. All patients underwent postoperative standing AP and lateral radiographs to evaluate instrumentation and restoration of disc height either the afternoon of surgery or on the 1st postoperative day. All patients were followed for a minimum of 6 months, with clinical evaluations at 1 month, 3 months, 6 months, and 1 year (when possible). Anteroposterior and lateral radiographs were obtained at each visit, with flexion-extension studies obtained at 3 and 6 months, along with ODI, SF-36, and VAS back and leg scores. After refinement of the low-dose protocol with the combination of digital spot and low-dose pulsed fluoroscopy, the authors reviewed the quality of images obtained, radiation dose, and fluoroscopy times for the last 50 surgically treated cases. Table 1 ). Indications for surgery included spondylolisthesis (32 patients), degenerative disc disease with radiculopathy (12 patients), and recurrent disc herniation (6 patients). Operative levels included 7 at L3-4, 40 at L4-5, and 3 at L5-S1 ( Table  2 ). The mean operating time was 177 minutes (range 139-241 minutes). The mean fluoroscopic time was 18.72 seconds (range 7-29 seconds). The mean radiation dose was 0.247 mGy*m 2 (range 0.06046-0.84054 mGy*m 2 ; Table 3 ). Retrospective review of the fluoroscopic images demonstrated greater detail of the bony anatomy on the digital spot images at higher mA than on low-dose pulsed fluoroscopy.
Results

Fifty patients underwent single-level MIS
Probing and stimulating the pedicle resulted in the activation of a compound motor action potential identified on free-running electromyography on 4 occasions in 4 separate cases. In each case an AP digital spot image was obtained at the time of the stimulation. In 3 cases the entry point was found to be too medial and in 1 case it was found to be too lateral. In all 4 occasions, the pedicle screw entry point was adjusted and the pedicle was successfully instrumented without subsequent irritation of a nerve root at 20 mA. We had 100% follow-up at 1 month and 96% follow-up at 3 months. Six-month follow-up has not been completed for all the patients in the series at this time. The mean follow-up at this time is 5.4 months (range 3-12 months). The mean preoperative ODI, SF-36, and VAS (back and leg) scores were as follows: 42.8, 20.9, 7.2, and 7.8, respectively. At 3 months, ODI was 17.2, SF-36 was 58.4, and VAS back and leg were 4.2 and 1.8, respectively. In the postoperative course, there were no symptomatic breaches or revisions required among the 200 pedicle screws placed. There was 1 incidental durotomy that was primarily repaired at the time of surgery. There were no postoperative infections in the patients in this series.
Discussion
The International Commission on Radiological Protection has introduced the principle of ALARA as a system for limiting the dose of ionizing radiation received by individuals. 37 There are 3 elements to this principle that may be directly applied to fluoroscopy in the MIS TLIF: justification, dose limitation, and optimization. 3, 12, 13 It is the application of these 3 elements of the ALARA principle in the context of an MIS TLIF that is the main focus of this current work.
When applied to the MIS TLIF, justification would mean that the proposed fluoroscopic image that will cause radiation exposure to the surgeon and the operating room team will yield actionable information such as adjusting an entry point for a pedicle screw, altering a trajectory, or adjusting an interbody spacer. Throughout the development of this protocol, we attempted to limit acquiring images if it did not affect screw placement, trajectory, or interbody position. We also attempted to identify simultaneously 2 pedicle screw entry points with 1 image, that is, the first surgeon working at the caudal pedicle and the second surgeon working at the rostral pedicle. Dose limitation entails setting annual dose limits for surgeons and operating room personnel, which under ideal circumstances would be a fraction of the actual dose limit. The National Council for Radiation Protection has set these limits, allowing annual exposure for radiation workers to 5 rem to the body and 50 rem to an extremity. We have set an annual dose limit of one-tenth of this value.
Finally, optimization in this context entails modifying the fluoroscopic technique in a manner that will optimize the visualization of the requisite anatomy for safe instrumentation of the spine while minimizing the radiation. It is this element of the ALARA principle where we believe the greatest impact can be made in the MIS TLIF. To implement optimization of the fluoroscopic technique, a greater understanding of fluoroscopy and the basics of radiation physics is needed, specifically the 3 variables in fluoroscopy that produce the ionizing radiation: kVp, mA, and acquisition time.
Fluoroscopy produces ionizing radiation by an electrically heated filament (cathode) within the fluoroscopy tube that is directed to the target (anode). The cathode generates electrons that are accelerated from the filament to the tungsten target by the application of voltage to the tube. The energy gained by the electron is the potential difference between the anode and the cathode and may be expressed as the kVp. The quantity of electron flow or current in the x-ray tube is described in units of mA. The rate of ionizing radiation produced is directly proportional to the current or mA. Therefore the higher the mA, the more electrons are striking the tungsten target, thereby producing more x-rays. The voltage (that is, kVp), on the other hand, determines the maximum x-ray energy produced. 24 Understanding these values allows for their modification in the use of fluoroscopy, specifically a digital spot image and pulsed fluoroscopy.
There are 2 general types of fluoroscopy: continuous interlaced (conventional) and pulsed fluoroscopy. It has been demonstrated in the literature that the use of pulsed fluoroscopy may reduce fluoroscopy time by 76% and radiation dose by 64% compared with continuous fluoroscopy. 11, 14, 19, 27, 28 The higher radiation dose and fluoroscopy time are due to the acquisition time on 1 image and the automated settings of kVp and mA. Conventional fluoroscopy is typically performed using 2-5 mA of current with a peak electrical potential of 90-125 kVp. The central processing unit of the fluoroscopic unit interlaces a single frame or image every 0.03 seconds. An ABC and AEC in most fluoroscopic units adjusts these values to achieve an optimal image. This may come with the consequence of increased ionizing radiation and acquisition time. 26 Pulsed fluoroscopy, as the name would suggest, pulses the x-ray beam acquiring an image during a brief pulse of as little as 0.10 seconds. Therefore, the radiation dose is decreased by reducing the time that the x-ray beam is on. The low-dose setting further lowers the amount of ionizing radiation; however, this results in a lower-quality image because the eye averages fewer independent frames. In essence, a low-dose pulsed fluoroscopic image represents a compromise between dose and image quality.
An alternative to low-dose pulsed fluoroscopy is a digitally acquired image also known as a digital spot image. Although digitally recorded images have better contrast resolution than pulsed fluoroscopy images, they suffer from lower spatial resolution. A digital spot has the added benefit (and liability) of manually adjusting the kVp and mA, which may further lower the radiation dose. Such a technique may achieve levels as low as 0.7 mA and 80 kVp without compromising the quality of the image. The main disadvantage of the digital spot is the need for a dedicated fluoroscopic technician at the ready to adjust the values of kVp, mA, brightness, and contrast to optimize the images. Hence, this is a more labor-intensive technique. Over the course of the 50 cases reported in this series, the authors tended to favor the digital spot image when greater image quality was needed; that is, for pedicle screw entry points. The superior quality of image achieved compared with the pulsed fluoroscopic image at the same acquisition time outweighs the slight increase in radiation dose (Fig. 1) . However, pulsed fluoroscopy is adequate for setting pedicle screw trajectories and placement of the interbody at a lower dose of radiation (Fig. 2) . For finer detail, specifically when determining the medial boundary of the pedicle on an AP view, digital spot is preferable (Fig. 3) .
The third variable that may have an impact on radiation dose is the acquisition time of an image. With standard settings, the shortest acquisition time achieved using conventional fluoroscopy is 1 second. Therefore, the number of images obtained will correlate with the fluoroscopy time. If one assumes 5 images to dock the MIS retractors, 5 images per pedicle, 5 images for preparing the disc space and placing the interbody trial spacer, and 5 images for placement of the permanent interbody spacer, the minimum one could achieve with standard fluoroscopic settings is 35 seconds, which is still well below the reported mean in the literature of approximately 86 seconds. The difference between these 2 numbers may be attributable to the actual mechanics of obtaining a fluoroscopic image. The length of this activity is contingent on 2 separate entities. The first is the fluoroscopic technician's deftness in activating and releasing the fluoroscopy switch for the shortest duration possible. The second is how rapidly the ABC and AEC achieves optimal exposure for the various factors (kVp and mA) to provide adequate spatial and contrast resolution of the image. Collectively in practice, this results in each acquisition requiring approximately 1 second of fluoroscopy, but it may be as long as 2 or 3 seconds each.
Both pulsed fluoroscopy and digital spot lower the acquisition times and thereby radiation dose. In the scenario detailed above, such a setting would decrease fluoroscopy time from 35 seconds to 8 seconds. As a proof of principle, the lowest fluoroscopy time with the low-dose digital in our series was 7 seconds. In our opinion the advantage to the digital spot image is that it affords the best spatial and contrast resolution and overall optimum image detail with the shortest acquisition time at radiation doses that may be manually adjusted.
Thus, modifying a technique that minimizes acquisition time and manually setting the kVp and mA with a digital spot achieves the ALARA goal of optimization. It is the application of this technique that allowed us to achieve mean fluoroscopy time of 18.72 seconds, with times as low as 7 seconds. We initially used a combination of digital spot and low-dose pulsed fluoroscopy to achieve lower doses and shorter fluoroscopic times. Over the course of the 50 cases reported herein, the trend has been to favor the digital spot image acquisition. This technique allows for 7 distinct images to be obtained over the span of 1 second, with a higher-quality image than may be acquired with pulsed fluoroscopy and significantly less radiation than conventional fluoroscopy. As mentioned above, the main disadvantage to the digital spot technique is the need for a dedicated fluoroscopic technician capable of adjusting the settings to minimize radiation and optimize the image quality.
Among the operating room personnel, it is not surprising that the surgeon receives higher mean radiation doses by being positioned next to the patient, and every effort should be made to minimize that exposure. 23 The literature has demonstrated that MIS TLIFs have greater fluoroscopic requirements than comparable open TLIF procedures. 25 31 reported using 133 seconds of fluoroscopy for image-guided single-level MIS TLIF. Kim and colleagues reported decreased fluoroscopy usage in single-level unilateral MIS TLIF cases for intraoperative navigation performed using Iso-C that required 57.1 seconds, compared with standard 2D fluoroscopy that required 147.2 seconds. 18 By comparison, in the current work we report an average of 18.72 seconds of fluoroscopy by implementing a low-dose technique. This represents an 80% reduction in fluoroscopy time and is actually less than the reported times for open lumbar fusion cases. It is important to point out that it is not the surgical technique but the fluoroscopic technique that accounts for this large variation between the mean fluoroscopy times in the literature compared with the times reported herein. In all likelihood, a low-dose fluoroscopic technique applied to any of the series listed above would have yielded similar results. To demonstrate this point, the final column of Table 4 assumes an acquisition time of 0.15 seconds for the reported series. When multiplied by the fluoroscopy time, the values generated fall within the range of times seen in our series. It is likely that the number of images obtained for the cases in the current series and those in the reported literature are comparable in number.
With the refinement of the current low-dose protocol, further study is needed to evaluate the implementation of this technique on a prospective basis. To that end, we have begun a prospective study to further examine radiation dose and the impact on fluoroscopy times. It will be equally important to evaluate the application of low-dose protocols in multiple centers.
The impetus behind minimizing radiation for MIS TLIFs and all spine cases, minimally invasive or open, is the recent increased awareness of radiation exposure Fig. 1. Lateral fluoroscopic images obtained using conventional fluoroscopy (A), low-dose digital spot (B) , and pulsed lowdose fluoroscopy (C) in a patient undergoing an MIS TLIF. The full-dose fluoroscopic image was obtained using 118 kVp and 5.48 mA with an acquisition time of 1 second, whereas the low-dose digital spot required 120 kVp and increased current of 21.60 mA; however, the acquisition time is 0.15 seconds. Hence, over the span of an entire procedure, the net dose is less than conventional fluoroscopy. The increased current in the digital spot makes these images almost indistinguishable. Finally, the pulsed low-dose fluoroscopy has the lowest current at 2.44 mA, the lowest potential difference at 114 kVp, with an acquisition time of 0.15 seconds; however, this comes at the expense of the quality of the image. and its lifelong implications. 20, 23, 28, 30 It has been this increased awareness in other specialties that have a high fluoroscopy need that has driven the application of pulsed fluoroscopy and digital spot image acquisition to minimize radiation in those fields. Investigators in the disciplines of interventional cardiology, orthopedics, and urology have published widely on the modification of fluoroscopic technique to decrease radiation. 1, 6, 7, 10, 17 The concern for radiation exposure to children has driven modification of fluoroscopic techniques in the realm of pediatrics. 2, 5, 8, 9, 16, 21, 36 Collectively, these efforts have resulted in lower exposures to ionizing radiation for the surgeon and the patient. Applying these lessons learned from other fields to minimally invasive spine surgery will yield a similar result.
Conclusions
Altering the fluoroscopic technique to low-dose pulsed fluoroscopy and digital spot images can dramatically decrease fluoroscopy times and radiation doses in MIS TLIFs without compromising image quality, accuracy of pedicle screw placement, or efficiency of the procedure. The current report has demonstrated that such a protocol has the capacity to decrease the amount of fluoroscopy needed for MIS TLIFs. Over a surgeon's career, such a protocol will significantly impact the lifetime dose of radiation exposure.
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